1. Introduction {#s0005}
===============

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) in which an interplay of genetic and environmental factors leads to the chronic activation of immune cells and to neuronal injury. Epidemiological studies have identified several environmental risk factors in MS, including exposure to certain viruses and smoking; conversely, the lack of exposure to sunlight is correlated with an increased risk for MS. While most of these factors are associated with the susceptibility to developing MS, more recent studies show that some of these factors also impact on the MS disease course.

However, the identification of environmental risk factors in MS is made difficult by the fact that no single risk factor in isolation appears to be responsible for the development of the disease; most likely a multifactorial interplay of factors determines the susceptibility to MS as well as the disease course. Given the many possible factors that may influence MS susceptibility and disease course, studies need to be large enough and the data needs to be of high quality to determine the impact of individual possible risk factors. For example, diet and the exposure to organic solvents may play a role in MS, but the investigation of these risk factors is difficult, because high quality data on these factors over a long observation period is often not available. The results of studies on these factors, are therefore less reliable and sometimes contradictory [@bb0005], [@bb0010], [@bb0015], [@bb0020].

In this article we provide an overview of the immunopathogenesis of MS and discuss how environmental factors may affect aspects of immune function in MS.

2. Immunopathogenesis of MS {#s0010}
===========================

The etiology of MS is unresolved [@bb0025]. One hypothesis postulates that various classes of immune cells are activated in the periphery and then enter the CNS to produce pathology. An alternate hypothesis infers that the initial dysfunction is within the CNS and need not be immunological or inflammatory; potential pathologic processes include mitochondrial dysfunction in neurons or oligodendrocytes, axonal energy insufficiency, or inactivation of neural organelles such as peroxisomes [@bb0030]. Following the initial injury, the leakage of CNS antigens into draining lymph nodes contributes to the activation of T cells and other immune cell subsets that enter the CNS. Thus, whatever the origin of MS pathology, the result is the activation and recruitment of immune cell subsets into the CNS which then produce the hallmarks of MS pathology: demyelination, oligodendrocyte loss, and axonal/neuronal injury and loss [@bb0035].

Antigen presentation ([Fig. 1](#f0005){ref-type="fig"} ) is necessary to activate T cells. Commonly, a pathogen in exposed tissues is engulfed and broken down by antigen presenting cells (APC) such as dendritic cells. The APCs then migrate to lymph nodes, carrying a short segment of the pathogen, the antigen, bound to major histocompatibility complex (MHC) on the cell surface. In the lymph nodes, the antigen is presented to naïve T cells such that those with T-cell receptors (TCR) recognizing the antigen/MHC combination become initially engaged. The antigen/MHC and TCR interaction constitutes a first signal. A second signal, mediated by co-stimulatory molecules (e.g. B7 on antigen presenting cells and CD28 on T cells), is necessary for T-cells to undergo activation, proliferation and subsequent differentiation into effector cells.Fig. 1Steps in the immunopathogenesis of MS and modulation by environmental factors.An initial activation of T cells by antigen presenting cells in the periphery [@bb0005], particularly in lymph nodes, leads to the increased generation of Th1 and/or Th17 pro-inflammatory subsets in MS. These cells, and other leukocyte subsets including monocytes and B cells, transit in blood where they can adhere [@bb0010] onto inflamed endothelial cells (EC). Predominantly at post-capillary venules in the CNS, the leukocyte populations produce MMPs to invade [@bb0015] across the glia limitans into the CNS parenchyma. T cells may undergo reactivation within the CNS and they, together with other leukocyte populations that have entered the CNS, contribute to tissue injury [@bb0020]. This figure also displays where the environmental factors that influence MS may act in the cascade of immunopathogenesis.

CD8 + T cells are activated by the engagement of TCR on CD8 + T cells with antigen/MHC class I complex, while CD4 + cells are activated by the engagement of TCR on CD4 + T cells with antigen/MHC class II complex. CD4 + T cells are particularly interesting in MS as they can differentiate into pro-inflammatory T helper (Th) 1 or 17 subsets, anti-inflammatory Th2 cells, or into cells with regulatory/anti-inflammatory properties (Tregs), depending on the microenvironment and cytokine milieu [@bb0040]. CD4 + T cells in MS patients tend to differentiate into Th1 and/or Th17 subsets, which are not only pro-inflammatory [@bb0045], but potentially neurotoxic as well [@bb0050]. In contrast to the propensity to generate Th1/17, there is an apparent deficiency of the regulatory/anti-inflammatory Th2 and Tregs subsets in MS, on the whole favoring a pro-inflammatory milieu [@bb0055]. Besides the CD4 + subsets, CD8 + T cells also have several tissue damaging roles in MS [@bb0060].

B cells are also important contributors to disease activity in MS. The best supporting evidence for this is that monoclonal antibodies that target the B cell antigen, CD20, are effective therapies in MS [@bb0065], [@bb0070]. Oligoclonal bands in the cerebrospinal fluid, representing immunoglobulins of many specificities, are common in MS patients, and B cell follicular-like structures can be found in the meninges of many patients with MS [@bb0075]. Besides the production of antibodies targeting CNS structures such as proteins at the node of Ranvier [@bb0080], the pathogenic roles of B cells are thought to be related to their cellular functions such as antigen presentation and providing help for T cells [@bb0085].

When activated, immune cells upregulate various adhesion molecules and adhere to endothelial cells of post-capillary venules in the CNS. After crossing the endothelial cell barrier, immune cells readily cross the endothelial basement membrane. Then, in the presence of proteolytic activity largely furnished by the family of matrix metalloproteinases (MMPs), they migrate across a second basement membrane barrier, the glia limitans or parenchymal basement membrane, into the CNS parenchyma ([Fig. 1](#f0005){ref-type="fig"}). Without proteolytic activity, immune cells are trapped in the perivascular space that separates both basement membrane layers [@bb0090]. However, MMPs are upregulated in MS which facilitates the transmigration of activated immune cells into the CNS parenchyma [@bb0095]. MMPs themselves are induced by an upstream switch, Extracellular Matrix Metalloproteinase Inducer, EMMPRIN (CD147) [@bb0100].

Upon entering the CNS parenchyma, T cells can become reactivated through repeated antigen presentation by APCs such as microglia, macrophages, B cells and dendritic cells. The products of activated immune cell subsets include free radicals, glutamate and other excitotoxins, proteases, and cytokines, all of which can cause or promote neuronal injury and loss [@bb0050], [@bb0105].

3. Viral infections and MS {#s0015}
==========================

Findings from migration studies have led to the idea that a viral infection may trigger the development of MS. Several studies have shown that people migrating from a country of high MS prevalence to one of lower prevalence are at lower risk of developing MS than they would be in their country of origin. Those migrating from a low-risk country to a high-risk one retain the low risk of their country of origin, while their children have a risk comparable to the country they emigrate to \[for review see [@bb0110]\]. Further studies suggested that this effect of migration on the risk of developing MS was stronger in those migrating before the age of 15 [@bb0115], suggesting that an infection at a young age may predispose to the later development of MS. In addition to these migration studies, some classical studies on the incidence and prevalence of MS have suggested that there may have been 'MS epidemics' in several locations, with the rise in MS incidence after the second world war in the Faroe islands as the best known example [@bb0120], [@bb0125]. Similar increases in the Shetland islands [@bb0130], Ferrara [@bb0135] and Sardinia [@bb0140] have been taken to suggest that an infectious agent may be involved in the pathogenesis of MS.

3.1. Epidemiological and clinical studies {#s0020}
-----------------------------------------

Several viruses have been implicated as factors that may influence MS risk. These include the Epstein--Barr-Virus (EBV), Herpes simplex virus (HSV) types 1 and 2, human herpesvirus 6, measles, mumps and rubella. The evidence for and against a role of most of these viruses in MS is inconsistent, except for that supporting EBV.

Studies on the influence of EBV in MS are generally difficult due to the very high prevalence of EBV seropositivity in the general population (around 95% seropositivity by adulthood) which translates into very large sample sizes to achieve adequate power in epidemiological studies. Despite this methodological challenge, seronegativity for EBV is associated with a very low risk of MS. A meta-analysis including 1779 MS patients and 2526 non-MS controls showed an OR of 0.06 (95% CI: 0.03--0.13) for developing MS in seronegative persons compared to seropositives [@bb0145]. A history of symptomatic EBV infection (infectious mononucleosis), on the other hand, roughly doubled the risk of developing MS, as shown in a recent meta analysis including 19,390 patients and 16,007 controls (relative risk: 2.17, 95% CI: 1.97--2.39) [@bb0150].

Studies on the association of EBV with the disease course of MS have shown diverging results. One small prospective cohort study (n = 73) found that patients with a higher serum antibody titer to EBV early antigen (EA) had significantly more gadolinium enhancing lesions on MRI, while their disability and other clinical characteristics did not differ [@bb0155]. Another prospective cohort study followed 100 patients over a period of five years and found significant but relatively weak correlations (Spearman\'s rank correlation r = 0.27 to 0.33) between serum anti-Epstein Barr nuclear antigen-1 (EBNA1) IgG titers and the number of gadolinium enhancing lesions, change in T2 lesion volume, and change in EDSS scores [@bb0160].

The possible influence of EBV on the early stages of the disease process in MS was investigated in another cohort study which compared 147 patients with CIS with 50 matched controls. Increased levels of serum EBNA1 IgG titers were found among the CIS patients, as well as significant, although weak correlations of serum EBNA1 IgG titers with gadolinium enhancing lesions, the number of T2 lesions, and EDSS scores (Spearman\'s rank correlation r = 0.21 to 0.3) [@bb0165]. This apparent relationship of EBV antibody titers and measures of disease activity has not consistently been found however, as Ingram and co-workers found no correlation between serum EBNA1 IgG titers and EDSS and MSSS scores in their investigation of 75 MS patients [@bb0170].

Most observational studies compared healthy controls to MS patients and limited their analyses to EBV serology. A clearer picture has recently emerged through studies with different controls. Pohl and colleagues found elevated antibody indices to EBV, but also to other neurotropic viruses in the CSF and serum from 43 children and 50 adults with MS. Interestingly, the antibody indices for measles, rubella, varicella zoster virus and herpes simplex virus were all higher than those for EBV. This suggests that the humoral immune response that elevates EBV titers in MS is not exclusively directed against EBV antigens but is part of a general polyspecific immune response [@bb0175]. These findings were confirmed by a similar study in patients with CIS or MS [@bb0180].

3.2. Immunology of viral infections and MS {#s0025}
------------------------------------------

There are several hypotheses to explain how viral infections are associated with MS [@bb0185]. One hypothesis is that of "bystander activation" which postulates that autoreactive T cells are activated by nonspecific inflammatory molecules occurring during infections, such as cytokines, superantigens and toll-like receptor ligands [@bb0190].

Yet another hypothesis is that viruses activate immune cells through the process of "molecular mimicry" [@bb0195], [@bb0200]. The hypothesis postulates that upon exposure to a pathogen, the pathogen/MHC conformation on an APC bears molecular similarity to that of a endogenous peptide, such as a fragment from myelin basic protein (MBP), presented within an MHC. If co-stimulatory molecules are properly engaged, the result could be the expansion and differentiation of not only the pathogen-reactive T cells, a properly directed immune response, but also the expansion of MBP-reactive T cells, an improper outcome. If both pools differentiate into Th1 or Th17 pro-inflammatory subsets ([Fig. 1](#f0005){ref-type="fig"}), these can become reactivated within the CNS to promote pathology. In support of this idea, T cell lines isolated from MS patients demonstrate cross-reactivity between MBP and coronavirus [@bb0205] or EBV [@bb0210] antigens. Moreover, crystal structure analyses revealed a significant degree of structural similarity between the DRB5\*0101-EBV peptide complex to the DRB1\*1501-MBP peptide complex at the cell surface for TCR recognition [@bb0215].

Overall, given that there are several pathogens with molecular similarity to a number of myelin peptides and other molecules within the CNS, the probability is high that several viruses can lead to the improper expansion of CNS-reactive T cells that can promote pathology within the CNS. For this reason it will be difficult to pinpoint a single infectious pathogen uniquely associated with MS.

There are other immunological bases to the association of EBV with MS. The follicular-like structures under the meninges harbor B cells that are infected with EBV in many patients and this is thought to be a Trojan horse-like mechanism by which EBV infects the brain [@bb0220], [@bb0225]. MS subjects have antibodies that cross-react between MBP and EBV [@bb0230], providing a mechanism by which EBV-reactive antibodies may disrupt myelin. Moreover, cellular immune responses such as EBV-reactive CD8 + T cells that are restricted by HLA-B7, a common allele in MS, are dysregulated in MS [@bb0235]. Pender has postulated an initial CD8 + T cell deficiency in MS that impairs the capacity to control EBV infection with the result that EBV-infected B cells accumulate in the CNS where they produce pathogenic autoantibodies and provide survival signals to autoreactive T cells [@bb0240].

4. Parasitic infections and MS {#s0030}
==============================

4.1. Clinical studies {#s0035}
---------------------

Although there is no evidence that parasitic infections impact MS risk they may impact disease activity. Report from a single MS center in Argentina noted that 12 patients with relapsing-remitting MS patients had eosinophilia, caused by mild, asymptomatic intestinal parasitosis. These patients were compared with an age and gender-matched relapsing-remitting MS group with no evidence of intestinal parasites and prospectively followed for more than seven years [@bb0245], [@bb0250]. Interestingly, the number of new relapses, the accumulation of disability and the number of new enhancing lesions on MRI were all much lower in the parasite infected group than in the uninfected control group. When four of the 12 patients became symptomatic with regards to their infection they received anti-parasite medication. This resulted in clearing of the parasitic infection but they experienced an increase in relapses, MRI lesions and disability [@bb0250].

These findings encouraged others to undertake a pilot trial of five relapsing-remitting MS patients where treatment consisted of parasites being introduced by ingestion of helminth eggs. Preliminary results showed that the number of new enhancing MRI lesions was reduced during treatment [@bb0255].

4.2. Immunology {#s0040}
---------------

Exposure to parasites results in a characteristic immunological response aimed at eradicating the parasites: a CD4 + T helper cell response that is predominantly Th2 biased, increases in the frequency of regulatory T cells and regulatory B cells, amongst others. These are, on balance, anti-inflammatory or regulatory and can return an active immune response back to homeostasis. In the context of MS, the elevation of these anti-inflammatory and regulatory immune responses would help overcome the pro-inflammatory conditions seen in MS. Indeed, in the infected MS patients described in the Argentinean study, they had higher levels of Th2 anti-inflammatory cells, and regulatory T and B cells compared to the uninfected MS control group [@bb0245], [@bb0250], [@bb0260].

5. Smoking {#s0045}
==========

5.1. Epidemiological and clinical studies {#s0050}
-----------------------------------------

Smoking has recently been recognized as an environmental risk factor in MS. Convincing evidence that smoking increases the susceptibility to MS comes from an analysis of the The Nurses\' Health Study, which showed that the relative incidence rate of MS in current smokers compared to never smokers was 1.6 (95% confidence interval (CI) 1.2--2.1), with a dose--response dependent on pack years smoked [@bb0265]. Two studies have also shown that second hand smoke exposure increased the risk of developing MS among children (adjusted rate ratio of 2.12, 95% CI 1.43--3.15) [@bb0270] and adults (OR 1.3, 95% CI 1.1--1.6) [@bb0275].

Smoking also seems to impact inflammatory outcomes in MS. A study in patients with a clinically isolated syndrome (CIS) showed an increased risk of conversion to clinically definite MS in smokers compared to non-smokers (HR: 1.8 (95% confidence interval: 1.2--2.8)) [@bb0280]. One imaging cross-sectional study showed that smokers had more gadolinium enhancing lesions, a greater T2-lesion load and more brain atrophy than non-smokers [@bb0285]. Another study followed patients for an average of 2.8 years and reported a quicker increase in T2 lesion volume and brain atrophy in smokers [@bb0290].

The association between smoking and disease progression, however, is less clear. A study from a hospital based MS cohort suggested that smoking was neither associated with the risk of secondary progression (HR: 0.89, 95% CI: 0.60--1.32) nor with that of reaching EDSS 4.0 (HR: 0.93, 95% CI: 0.66--1.33) or EDSS 6.0 (HR: 0.88, 95% CI: 0.61--1.28) [@bb0295]. An analysis of data collected by general practitioners however suggested that smoking is associated with a greater risk of evolving to a secondary progressive course (hazard ratio (HR): 3.6, 95% CI: 1.3--9.9) [@bb0300]. The most recent large hospital based cohort-study also found smoking to be associated with the risk of secondary progression (HR: 2.50, 95% CI: 1.42--4.41), but not with an increase in EDSS scores [@bb0290]; and in a prospective Australian study, smoking was associated with an increase in EDSS scores during two years of follow-up [@bb0305]. Thus, while it appears that smoking influences the early disease course of MS, more research is needed to ascertain its relative impact on early versus late disease stages of MS.

5.2. Immunology of smoking in MS {#s0055}
--------------------------------

It is not known how smoking increases the risk of MS and although cigarette smoke contains many mutagens which potentially may affect long lasting immunity, a recent review indicates that smoking generally leads to an immunosuppressant state [@bb0310]. Nonetheless, aspects of immune functions are promoted by cigarette smoking and genetic studies indicate an interaction between smoking and genes that regulate immune function [@bb0315]. It may be instructive to determine whether constituents of tobacco alter signaling through the aryl hydrocarbon receptor, a transcription factor affected by polycyclic aromatic hydrocarbons and polychlorinated dioxins; the latter can regulate T cell polarization and alter the course of experimental autoimmune encephalomyelitis [@bb0320], an animal model of MS.

One potential mechanism by which smoking affects MS is by upregulating MMPs since immune cells and biological fluids of smokers tend to have higher levels of several MMPs [@bb0325]. The higher expression of MMPs in smokers could be advantageous for immune cells to cross the blood brain barrier into the CNS parenchyma. It is noteworthy that a comparison of MRI scans from smokers and non-smokers with MS showed more contrast enhancing lesions among the smokers, which suggests an increased breakdown of the blood brain barrier [@bb0285].

6. Sunlight exposure and vitamin D {#s0060}
==================================

6.1. Epidemiological and clinical studies {#s0065}
-----------------------------------------

That MS is more prevalent in regions of higher latitude has been shown in many populations [@bb0330] and more recently this phenomenon has been associated with sunlight (UV) exposure and the subsequent production of vitamin D [@bb0335]. In a retrospective study Van der Mei and colleagues showed that the risk of MS is decreased in people with greater exposure to sunlight [@bb0340]. More recently it was demonstrated that the risk of developing MS decreased with increasing serum 25-hydroxy-vitamin D levels (OR: 0.59; 95% CI: 0.36--0.97 per 50 nmol/L increase) in a prospective nested case--control study; 25-hydroxy-vitamin D levels from routine serum samples were related to the subsequent risk of developing MS in US military personnel [@bb0345]. In a study that calculated the risks of MS posed by various suspected environmental factors in MS, the lack of UV exposure was found to be the most significant risk factor [@bb0350].

There is also mounting evidence that vitamin D influences the disease course of MS. Cross-sectional studies showed that low levels of vitamin D and one consequence of low vitamin D levels, lower bone mineral density, are common in MS [@bb0355], and that lower vitamin D levels are associated with higher levels of disability [@bb0360]. Evidence for an association between vitamin D and relapses comes from a prospective cohort study which showed a decreased risk of relapse during the subsequent six months in patients with higher serum vitamin D levels (HR per 10 nmol/L increase 0.91, 95% CI: 0.85--0.97) [@bb0365]. A retrospective cohort study showed similar results in children with MS [@bb0370].

There is also some evidence to suggest that vitamin D supplementation may be an effective treatment for MS. Burton and co-workers performed a randomized controlled trial investigating high-dose vitamin D treatment in MS and found a trend towards decreased relapses during treatment [@bb0375].

6.2. Immunology {#s0070}
---------------

Although other immune modulatory mechanisms potentially exist for ultraviolet radiation [@bb0380], the association of sunlight with MS is most likely due to the ultraviolet B radiation of sunlight (290--320 nm) converting cutaneous 7-dehydrocholesterol to previtamin D~3~, which then spontaneously forms vitamin D~3~. The latter then undergoes 2 hydroxylations, most notably in the liver and kidney by [d]{.smallcaps}-25-hydroxylase (CYP2R1) and 25-hydroxyvitamin [d]{.smallcaps}-1α-hydroxylase (CYP27B1), to produce the biologically active form of vitamin D, 1,25-dihydroxyvitamin D3. Notably, variants of the CYP27B1 gene have been found to be associated with increased risk of MS [@bb0385]. Another study found association of MS with CYP27B1 and a second region containing another vitamin D associated gene, CYP24A1 [@bb0390], a vitamin D response element lies close to the promoter region of HLA-DRB1, the main risk allele for MS [@bb0395].

The utility of vitamin D in MS is almost certainly due to its multiple immune-regulating properties that impact on the majority of the immunopathogenic steps outlined in [Fig. 1](#f0005){ref-type="fig"}. Vitamin D suppresses the maturation and activity of APCs, including dendritic cells, or increases their "tolerogenic" phenotype [@bb0400], thereby reducing the probability of presenting self-antigens to generate autoreactive cells, or decreasing the likelihood of expanding autoreactive cells through molecular mimicry.

The differentiation of CD4 + T helper cells is also affected by vitamin D, with a reduced production of pro-inflammatory Th1 and Th17 cells [@bb0405]; concurrently, Th2 cells are increased [@bb0410], thereby helping to reduce the pro-inflammatory state that typifies MS. Other major immunologic consequences of vitamin D treatment are the increased activity of regulatory T cells [@bb0405] and the reduction of pro-inflammatory molecules produced by stimulated monocytes [@bb0415]. These immunologic changes caused by vitamin D can be detected in culture, in samples obtained from MS patients, and in EAE. In EAE, treatment with vitamin D either prevents the development of symptoms when given early in the disease course [@bb0420], or reduces the severity of EAE when treatment is initiated at onset of clinical signs or at peak disease [@bb0425].

Vitamin D is known to penetrate into the CNS, and it may potentially have several activities within the CNS including the reduction of antigen presentation to reduce neuroinflammation. More intriguing is the possibility that vitamin D may be neuro-protective. The enzymes necessary to synthesize the bioactive 1,25-dihydroxyvitamn D3 are present in the brain [@bb0430]. In rats that are deficient of vitamin D during gestation, abnormal brain development such as alteration of brain shape and enlargement of lateral ventricle volume has been observed. Mice with gestational vitamin D deficiency have impaired learning in adulthood [@bb0435]. In tissue culture, glutamate excitotoxicity to cortical, cerebellar or hippocampal neurons is reduced by vitamin D [@bb0440]. To what extent these neuroprotective activities of vitamin D account for its effect in MS remains to be clarified. Overall, there is substantial evidence that vitamin D corrects many of the immune abnormalities seen in MS. It is not clear which of its multiple mechanisms are most critical to its therapeutic efficacy. Whether some of the benefits of vitamin D may relate to its actions within the CNS remains to be determined.

7. Conclusion {#s0075}
=============

We are now at a point where the separate fields of MS epidemiology and basic laboratory research come together to improve our overall understanding of the disease process of MS. Recent epidemiological studies have identified new risk factors, not only associated with the risk of developing MS, but also, and perhaps more immediately important, with the MS disease course. While previous factors associated with MS disease course, such as gender or the age at disease onset, are not modifiable, the newly identified factors such as smoking and vitamin D levels are modifiable through individual and public health measures.

Future studies on risk factors in MS will need to build upon the classical epidemiological studies and integrate the new factors into the "big picture". Such studies will need to unravel how the whole set of classic and newly identified factors interact with each other, how they are modulated by immunomodulatory drugs, genetic factors, gender and hormones, and at which stages of disease they have their greatest impact.

Basic laboratory research can help us understand the mechanisms that underlie these epidemiological associations, and hopefully lead to useful experimental models and eventually new treatments.
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